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Abstract: In passive solar buildings, energy can be stored using either sensible heat materials or latent
heat materials. Phase change materials (PCM) can contribute to temperature control in passive solar
buildings when melting occurs near to comfort temperature required for building’s interior spaces.
The use of finite element method (FEM) as a numerical methodology for solving the thermal problem
associated with heat transfer in current building materials and PCMs make sense, as it is a well-known
technique, generalized and dominated, however, still little applied to the domain of building physics.
In this work, a solar model was developed and applied in order to simulate numerically the effect
of solar radiation incidence on each face of the test cells (with different solar exposures) without
neglecting the main objective of the recommended numerical simulation: the study of the action
of PCM. During the experimental campaign, two test cells with distinct inner layers were used to
evaluate the effect of solar radiation: (i) REFM test cell (without PCM) with a reference mortar;
(ii) PCMM test cell (with PCM) with a PCM mortar. The temperatures monitored inside the REFM
and PCMM test cells were compared with the values resulting from the numerical simulation, using
FEM with 3D discretization and the explicit modeling of the solar radiation, and the obtained results
revealed a significant coherence of values.
Keywords: phasechangematerials; finiteelementmethod; solar radiation; testcells; experimentalcampaign
1. Introduction
Phase change materials (PCM) are recognized as an efficient energy storage system. In these
materials used, the heat is stored (energy storage) in the form of latent heat [1]. These materials are
characterized by a high storage capacity, at a constant temperature, which is a big advantage related to
the traditional building materials.
When the environment temperature increases the chemical bonds of the PCM break and it goes
from solid to liquid state. The observed chemical reaction is endothermic which means that these
materials absorb heat. Finally, the PCM returns to the solid state when the temperature drops again,
releasing the stored heat. These cycles contribute for the stabilization of the interior temperature within
buildings, achieved by the action of the PCM of heat conservation at constant temperature and not by
increasing the thermal resistance of the buildings’ elements.
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Recent studies reveal the growing interest in the study of PCMs. The increase in thermal comfort
inside buildings with reduced energy consumption and less gas emissions remain the core drives.
PCMs have the property to reduce the temperature amplitudes in order to closer them to comfort
temperatures [2]. Previous studies have shown that latent thermal storage is an effective way to
increase the energy efficiency [3–5].
Due to the large thermal storage capacity, in the form of latent heat, PCM has been used in
buildings to reduce internal temperature fluctuation [6,7] and decrease the energy consumption of
the building [8]. Athienitis et al. [9] found that the PCM plasterboard could reduce the maximum
interior temperature by 4 ◦C. In the study presented by Kuznik and Virgone [10], a similar result with
a decrease in the maximum ambient temperature by 4.2 ◦C, in the cooling season, was reported for a
wall composed of PCM. Stritih et al. [11] showed that the application of PCMs in building walls could
be an important factor to achieve the goals of Net Zero Energy Buildings, as the results presented a
considerable reduction on daily building energy.
The application of a cementitious mortar with PCM in small test cells revealed a reduction in
the maximum temperature peak of 2.6 ◦C [2]. The employment of PCM into cement-based building
elements (floors and walls) was described by several researchers [12–14] as an effective method for
increasing the buildings energy efficiency. In addition, the PCM used in buildings can produce a heat
transfer delay [15]. Kong et al. [16] showed a notable decrease in the energy consumption for space
cooling by the employment of PCM panels into building wall surfaces. These PCM panels could
delay the maximum temperature by 2–3 h. Biswas et al. [17] showed in a numerical study, using
PCM wallboards fabricated by nano-PCMs, that it is possible to obtain an annual building energy
consumption less than 20%. Another example is the research developed by Lu et al. [18] who showed
an average energy reduction of 54.27% with a system, developed by the authors, that combines PCM
radiant floor with PCM wall.
In short, Passive PCM systems are widely used in different building components in order to increase
the thermal comfort and reduce the building energy consumption, namely, in locals with extreme
weather conditions. The development of strategies that handle the energy efficiency (and inherency
reduce carbon dioxide emissions) at the local scale of the building, hence increasing its sustainability
are important steps to the wider goals of sustainability at a worldwide scale, for which the sum of
all contributions is of major importance [19–21]. However, their application in buildings presents
several disadvantages that need to be improved in future research works, as, the cost, low thermal
conductivity, phase segregation, super cooling, fire safety, etc. [22].
Solar radiation presents an important role on the thermal comfort of interior spaces, particularly
on passive solar buildings [23,24]. However, sometimes this major effect is neglected. The experimental
campaign carried out consisted of placing test cells (with and without PCM) outdoors in order to
register the effect of solar radiation. A solar model was developed and attached to the numerical
simulation software used (DIANA [25]). The temperatures monitored inside the REFM (reference
material) and PCMM (PCM material) test cells during the experimental campaign were compared
with the values resulting from the numerical simulation using the finite element method with 3D
discretization, and the obtained results revealed a significant coherence of values. The choice for the
finite element model with 3D volumetric elements as the elected numerical simulation methodology
relies on the capacity for detailed consideration of the layered features of the involved walls of the
test cells, and hence fully understand the intricacies of heat transfer/storage through the several
walls/directions. The feasibility of this approach of simulation has been demonstrated in a previous
publication that dealt with similar test subjects under indoor laboratory conditions [2].
2. Heat Transfer Problem
The heat transfer problems associated with the solidification and/or melting of the materials are
important for the most diverse engineering areas, namely in energy storage, having been the subject of
several studies [26–32].
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The solution to these problems is not easy since the boundary condition between the solid and the
liquid state is initially unknown and should be part of the solution [26]. In this work, the enthalpy
method, described by Shamsundar [33] and Ozisik [26], is used as a numerical solution to the problem
of heat transfer in PCMs. The enthalpy is temperature dependent during the change of state, reaching
the maximum value at the temperature corresponding to the melting peak and equaling zero at the
beginning of the melting (corresponding to the melting temperature).
The general form of the heat equation, taking into account the variation of the enthalpy (H) with
















where ρ is the density, λ is the thermal conductivity, t is the time and x, y, z are the coordinates of the
Cartesian system.
If it is considered linear the release of the latent heat during the phase change (between T1 and T2),
the enthalpy variation with temperature is described by [26]:
H = CpT T < T1 (solid) (2)
H = CpT +
T − T1
T1 − T2
L T1 ≤ T ≤ T2 (phase-change) (3)
H = CpT + L T > T2 (liquid) (4)
where Cp is the specific heat, L is the latent heat and, T1 and T2 represent the melting temperatures
and peak melting temperatures (temperature at which all particles of the material are in the liquid
state)—corresponding to the maximum energy storage capacity. The corresponding heat flows are
given by Equation (5),
q = heq.(T − Ts) (5)
where heq is the convection/radiation coefficient, air speed dependent [34], T is the external temperature
and Ts is the surface temperature.
The solar radiation effect on the various faces of the cells was estimated considering the real
exposure conditions: air temperature and solar radiation incident on each face, using the solar radiation
model described below, bringing the numerical simulation closer to the one monitored in the tests
in situ.
Solar Radiation Model
It is usual to subdivide solar radiation into two types, direct and diffuse. The solar radiation that
passes through the atmosphere without being diverted or absorbed in its path corresponds to direct
radiation; diffuse radiation corresponds to the part of solar radiation that is dispersed during its course
due to disturbances of atmospheric components. Diffuse radiation is of relatively small importance on
clear days, however it can represent an important part of solar radiation on cloudy days [35,36].
Direct solar radiation reaching the upper layers of the atmosphere has an average value of
1376 W/m2 (known as the solar constant) [36]. There is a fluctuation in relation to this constant of
around 6.9% throughout the year (1412 W/m2 in January to 1321 W/m2 in July) [37]. This fluctuation is
due to the elliptical shape of the Earth’s orbit around the Sun, and can be neglected in the estimation
of surface temperatures caused by incident solar radiation. However, to reach a surface at sea level,
direct solar radiation passed through the atmosphere, experiencing disturbances even on clear days.
The radiation that actually reaches sea level, qm, can be estimated using the following equation [38]:
qm = q0e
−T1
0.9 + 9.4 sin(h)
(6)
Energies 2020, 13, 2200 4 of 19
where q0 is the solar constant (W/m2), h is the solar elevation (◦) and Tl is the turbidity factor. The current
values for Tl are between 3 and 7, and in turbulent atmospheres, such as in polluted cities, Tl will be
close to 6 or 7, with a maximum limit of 10 [39].
The solar elevation, (h), corresponds to the angle between the direction of the sun’s rays and
the horizon. This parameter represents the distance that the sun has to travel in the atmosphere
until it reaches the Earth’s surface. At solar noon, this distance is shorter than at sunrise and
sunset, the radiation attenuation being smaller the shorter the distance to travel (that is, the radiation
amortization is less at midday).
The solar radiation absorbed by a surface, qs, can be calculated according to the following
expression [40]:
qs = αsqm cos(i) (7)
where qm represents the solar radiation reaching the surface, αs is the absorption of the surface (which
is a function of color and can vary between 0 and 1) and i is the incidence angle with the perpendicular
to the surface which can be estimated as follows:
cos(i) = cos(α) sin(h) + sin(α) cos(h) cos(ψ) (8)
The direct solar radiation analysis on a surface with a certain inclination implies the consideration
of several geometric parameters described in Figure 1 (α—angle that the surface makes with the
horizontal plane (◦); h—solar elevation (◦), corresponds to the angle between the direction of the
sun’s rays and the horizon; ψ—azimuth of the projection of n in the horizontal plane (◦): 0◦ to the
South, 90◦ to the East, 180◦ to the North and 270◦ to the West; n—vector perpendicular to the surface;
and i—angle of incidence of solar rays in relation to n). However, it must be emphasized that the solar
model presented does not take into account the shading caused by neighboring obstacles.
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3. Experimental Campaign
3.1. Pilot Test Cells
An experimental campaign was developed in order to study the influence of an internal coating
exposed to solar radiation, which use PCM into plastering mortars.
In this work, two closed small-sized test cells, with the format of hollow cubes and an exterior
edge dimension of 40 cm, were built with different interior coatings: (i) test cell REFM with common
plastering mortars, and (ii) test cell PCMM with a developed PCM mortar with formulation L. The PCM
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used presents a melting temperature range of 23–25 ◦C and an enthalpy of 100 kJ/kg. Both test cells
were placed outdoors, exposed to local weather condition: solar radiation, temperature variation,
relative humidity and wind speed. Test cells and all the materials used in their construction are
described in a previously published work [2]. Table 1 presents the material thermophysical properties
used in both test cells.
Table 1. Description of the material thermophysical properties used (adapted from [2].)









Density, ρ (kg/m3) 1500 55 1170 1400
Specific heat, Cp (kJ/kgK) 1.0 1.4 1.0 1.0
Volumetric specific heat, ρ.Cp (kJ/m3K) 1500 40 1170 1400
Thermal conductivity, λ (W/mK) 1.00 0.04 0.30 0.61
Latent heat, L (kJ/kg) - - ≈25 -
(a) Thermophysical properties are temperature independent. (b) No difference between liquid and solid properties
were assumed.
The test cells are hollow cubes, with dimension 26 × 26 × 26 cm3, and whose walls present
the following composition: an inner plastering mortar with 2 cm of thickness (REFM or PCMM);
a middle layer of steel-reinforced mortar with 3 cm thick, in order to have structural integrity; and a
layer of extruded polystyrene (XPS) with 2 cm of thickness (λ = 0.04 W/mK [41]), to guarantee the
desired transmittance.
It should be noted that the cross-sectional composition of the test cell walls is not the most typically
used in buildings, but presented a thermal behavior similar to actual building envelopes. The test
cells have a small-sized dimension and thin walls, in order to have a thermal transmittance value
(U ≈ 1.40 W/m2·K) lower than the maximum value admitted for vertical elements (U ≈ 1.45 W/m2·K),
according to Portuguese regulations [42].
3.2. Experimental Procedure and Climatic Conditions
Both test cells were placed on the 1st floor roof of Faculty of Engineering–University of Porto
(FEUP) building G (Coordinates: 41.1780, −8.5980), close to the Laboratory of Building Physics
(LFC) [43] weather station and close to the body of the building, as shown in the Figures 2 and 3, thus
allowing the monitoring equipment to be stored inside the building and data usage of the weather
station. The location where the cells were placed guarantees them a continuous daily sun exposure,
during the entire period in which the tests took place: between May and June 2011.Energies 2020, 13, x FOR PEER REVIEW 6 of 20 
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Regarding the monitoring of temperatures, temperature sensors of the type “PT100”, with a
sensitivity of +/− 0.01 ◦C, were distributed inside the test cell, in a total of 10 sensors: 8 PT100s inside
(4 in each cell) and 2 PT100s on the outside (near the bottom of each test cell). The distribution of
temperature sensors inside the cells was done as follows: 1 PT100 in the center of the cover; 1 PT100 in
the geometric center; 1 PT100 in the center of the base (bottom surface cell) and 1 PT100 in the center of
the SE face (Figure 4). The sensors of temperature were connected to a data acquisition and storage
system, with the recording of a measurement for every 10 min during the entire test cycle.
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In situ experimental tests were conducted with the objective of evaluating the influence of PCM on
the daily thermal performance of indoor spaces, the test cells were exposed to the climatic conditions
of 4 consecutive days, between the 15th to the 19th of May 2011.
The values of the exterior air temperature (Tair) and the total incident solar radiation (Ig),
represented in Figure 3, result from the acquisition of data recorded by the LFC/FEUP weather station.
The ambient temperature was also recorded by two temperature sensors, type PT100, placed on the
bottom base of each of the test cells (in contact with the air and protected from solar radiation).
The first tests carried out in situ consisted of monitoring the interior temperatures of the test cells
exposed to the climatic conditions represented by Figures 5 and 6. In addition to high temperatures,
maximum outdoor temperature close to 30 ◦C and intense solar radiation (Ig, max = 800 W/m2), the first
two days during which the tests took place (15 and 16 May 2011), were characterized by clear skies
with low relative humidity (RH between 19% and 45.5%), and reduced wind speed (average speed of
1.5 m/s). The next two days (17th and 18th of May) can easily be distinguished from the first by the
cloudiness and the higher relative humidity (average RH of 70%).
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3.3. Experimental Results and Discussion
During the first tests carried out in situ, the monitoring of the internal temperatures of the test
cells shows that there is a difference between the records obtained from the sensors placed in the center
of the cover and the Southeast face (SE), and the records of the sensors placed at the geometric center
and at the base of the cells. This difference is observable, both in the REFM cell and in the PCMM cell,
as shown in Figure 7. The non-homogeneity in the recording of indoor temperatures, demonstrated
by the recording of temperatures in different points of the interior of each of the cells, shows the
influence that solar radiation has on the exterior surface temperature and consequently on the interior
temperatures (surface and ambient). Thus, the interior surfaces of the faces with greater sun exposure,
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such as the cell cover (horizontal top face) and the SE face, have higher temperatures than the center
and base of the cell.
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Figure 7. Experimental results of exterior temperature, global solar radiation and internal temperature
of the test cell REFM (reference material) and test cell PCMM (PCM material).
Taking into account the results of the monitoring of both test cells for the sensors placed on the
cover and on the SE face, represented in the graph of Figure 8, the maximum temperature recorded
inside the REFM test cell was 29.2 ◦C, while in the PCMM test cell it was 26.0 ◦C. On test days with
higher temperatures and more intense solar radiation, there is a difference between the maximum
temperature peaks recorded inside the REFM cell and the peaks recorded inside the PCMM cell, with
values of: ∆T = 2.9 ◦C; ∆T = 2.6 ◦C; and ∆T = 3.2 ◦C, corresponding to the 15th, 16th and 18th of
May, respectively. During these days, the action of the PCM, underlined by a shaded area in Figure 8,
is noticeable over several hours a day. On 16 May this action (corresponding to temperatures inside the
cell in the PCM fusion range (from ≈ 23 ◦C to ≈ 25 ◦C) is visible for about 12 h, between 12 h:30 min
and 18 h:30 min and between 20 h:30 min and 2 h:30 min.
On the mildest day, corresponding to the 17th of May, the effect of the PCM is not noticeable,
because the interior temperatures do not reach the PCM melting temperature. Throughout this day,
monitoring the interior of both test cells allows us to observe that the interior temperatures (in the
REFM and PCMM cells) are equivalent.
The monitoring carried out by the sensors placed on the base and in the geometric center of the
interior of both test cells is presented in Figure 9.
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Figure 9. Experimental results of exterior temperature, global solar radiation and internal temperature
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The maximum temperature recorded by these sensors inside the REFM cell was 28.8 ◦C, while
inside the PCMM cell the maximum temperature was 24.1 ◦C. The differences between the maximum
temperature peaks recorded inside the REFM and PCMM test cells were: ∆T = 3.9 ◦C; ∆T = 3.7 ◦C;
and ∆T = 4.8 ◦C, respectively for the 15th, 16th and 18th of May. Similar to what was observed in
laboratory tests [2], here too there is a gap between the maximum temperature peaks recorded inside
the cells. During the time that the tests were carried out, the maximum delay was approximately
Energies 2020, 13, 2200 10 of 19
2 h. The average temperature recorded inside the test cell without PCM was 23.5 ◦C and the average
temperature recorded inside the test cell with PCM was 22.0 ◦C. Knowing that the biggest difference
was registered in the maximum peak temperatures and discomfort temperatures.
The experimental results presented by Entrop [44] in the in situ study of small test cells consisting
of a concrete floor with PCM, allowed to observe the effect of the PCM, guaranteeing, for the conditions
studied, a leveling of the temperatures, i.e., the maximum interior temperatures decreased and the
minimum temperatures increased. In the experimental study developed, according to what was
observed by Entrop [44], the action of the PCMs is felt essentially by the influence they have in the
reduction of the daily peaks of temperature (maximum and minimum). The regulatory action of the
temperature peaks contributes to the reduction of the temperature range registered inside and to the
increase of the gap between the outside and inside temperature peaks.
The collected results showed that PCM has an important role in the reduction of the interior
temperature amplitudes, during the day, by leveling the interior temperatures. The main objective of
the experimental investigation presented is to observe the behavior of the PCM incorporated in the
developed mortar, when subjected to temperature cycles characteristic of the cooling season.
The two test cells (one coated with a standard mortar and the other coated with the mortar with
PCM) were subjected to in situ tests, representing scenarios corresponding to hot days in the cooling
season in mainland Portugal. The monitoring of temperatures inside the two cells (REFM and PCMM)
allowed the observation of the distinct behavior between them, showing the action of the PCM. PCMs
contribute to the conservation of indoor temperatures between values corresponding to their melting
range. Thus guaranteeing: the reduction of daily temperature peaks (maximum and minimum),
the attenuation of fluctuations (or stabilization) of the indoor temperature and the increase of the gap
between the outdoor temperature peaks and the indoor temperature peaks.
The results obtained also demonstrated that the action of the PCM is not constant, being very
conditioned by the conditions of exposure (of the external environment). On two consecutive days the
presence of PCM can go from imperceptible to essential in conservation indoor temperature within the
desired comfort limits. This fact can somehow condition the search for an optimal solution with PCM.
The numerical simulation, presented in the following section, is intended to be a useful tool in the
search for a solution with PCM whose performance is extended to the longest possible period of the
cooling season.
4. Numerical Resolution of the Mathematical Problem
The numerical resolution of the mathematical problem of heat transfer described above is
presented, performing thermal analyses on the pilot test cells used during the experimental test
campaign. The thermal analyses developed are compared with the results obtained in the experimental
monitoring in order to validate the numerical model used to solve the mathematical problem of
heat transfer.
In the above-mentioned analyses, the finite element method (FEM) was used to support thermal
modeling, considering a three-dimensional (3D) analysis of the heat transfer problem.
The mathematical formulations described are implemented in DIANA software [25], in order
to simulate the 3D thermal fields. It was used for mortar/XPS/air, 8-node brick elements
(2 × 2 × 2 Gauss integration) and for the convection/radiation boundaries, 4-node planar elements
(2 × 2 Gauss integration), as sketched in Figure 10.
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4.1. Model Geometry and Parameters
In modeling the complete test cell, in its true size, the following external dimensions were
considered: 0.40 × 0.40 × 0.40 m3. On the adopted 3D discretization, each finite element (FE) has
an average volume of 2.35 cm3 (total of 48,400 nodes and 48,678 elements), which renders a quite
refined mesh in the vicinity of the PCM layer where comparisons between numerical and monitored
results will be presented). Nonlinearities were solved by the Newton–Raphson Method with relative
tolerance of 0.0001. A value of heq = 15 W/(m ◦C) was considered for the convection coefficient [2,34],
taking into account the exposure conditions: area limited by the presence of several buildings and
reduced wind speed felt during the period in which the experimental campaign was carried out.
The initial temperature inside the cells was fixed at 25 ◦C, similar to the temperature recorded inside
the cells when the in situ monitoring started. Thermal analyses were carried out covering a period
corresponding to the days monitored during the experimental campaign, approximately 4 days,
divided into 10-minute increments.
The evolution of temperatures over the simulated time corresponds to the monitored temperatures
during the experimental campaign by the LFC weather station. The solar radiation used in the numerical
simulation took into account the values obtained through the model described above. Through this
model, the values of solar radiation incident on a horizontal surface (from α = 1), between 15th and
19th May, were estimated. The approximation of the simulated values to the monitored values was
achieved by adjusting the turbulence value, through an iterative trial and error process. The turbulence
obtained, which best approximated the simulated radiation values to those monitored by the weather
station’s pyrometer, on clear skies (15th and 16th May), was T1 = 4.5. The remaining parameters
considered were α = 0◦ (horizontal surface) and latitude equal to 41.178◦, the value of ψ is irrelevant
for horizontal surfaces (ψ = 0◦). The record of the simulated values and the values measured by the
weather station’s pyrometer for solar radiation on a horizontal surface (with absorption coefficient
α = 1) are shown in Figure 8. The solar time does not really match the conventional government time
for all locations at a given country because of the latitude shifts and frequently because of daylight
saving time. For such type of reasons, the results of peak radiation are not happening at 12 h. Note
that there is a delay in relation to the solar noon which, for the place and the days of the year under
analysis, corresponds to 1 h and 34 min [45], an interval already corrected in Figure 11.
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Figure 11. Solar radiation monitored by the pyranometer and estimated by the solar model, for T1 = 4.5,
between 15 and 19 May.
On 15th and 16th May, clear days, the simulated values are practically coincident with the values
monitored by the pyranometer, following the radiation curve resulting from the monitored data, both
in terms of radiation intensities and in terms of amplitude (or hours of sunshine). In the remaining
days, 17th and 18th of May, the deviations between the simulated values and the measured values are
justified by intermittent shading, caused by the passage of clouds.
Taking into account the proximity between the simulated and monitored values for solar radiation
incident on a horizontal surface, the radiation absorbed by each of the 5 exposed surfaces of the test
cells was estimated. A value of αs = 0.25 was considered as the solar absorption coefficient of the cell’s
outer covering (XPS, white) [46]. In the simulation of the 4 vertical surfaces, a value of α = 90◦ was
considered with values of ψ different according to their solar orientation of each face: ΨNorth = 180◦;
ΨSouth = 0◦ ΨEast = 90◦ and ΨWest = 270◦. The considered model parameters and operation conditions
are synthesized on Table 2 and this simulation led to the results shown in Figure 12.
Table 2. Model parameters and operation conditions.
Model Parameters Values
Initial temperatures inside test cells, Ti (◦C) 25
Convection coefficient, heq (W/(m.◦C)) 15
Solar absorption coefficient, αs 0.25
Turbidity factor, Tl 4.5
Angle that the surface makes with the horizontal plane, α (◦) (horizontal surfaces) 0
Angle that the surface makes with the horizontal plane, α (◦)
α (vertical surfaces) 0
Azimuth of the projection of
¯
n in the horizontal plane, ψ (◦) (horizontal surfaces) 1
Azimuth of the projection of
¯
n in the horizontal plane, ψ (◦) (vertical surfaces: south,
east, west, north)
0, 90, 180, 270
Latitude (◦) 41.178
Correction factor 15th and 16th may 0.3
Correction factor 17th and 18th may 0.6
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Figure 12. Absorbed radiation, by a white surface (αs = 0.25), estimated by the solar model for Tl = 4.5,
between 15 and 19 May.
Bearing in mind the influence of incident solar radiation on the temperatures recorded in the
various points inside the test cells, it was felt necessary to bring the radiation values monitored on the
17th and 18th (with clouds) closer to the simulated values. The relationship between the monitored
values and the values calculated by the model for a horizontal surface (with α = 1) was found, that is,
the relationship between the values represented in Figure 7. Thus, the solar radiation calculated by
the model and subsequently corrected (affected by the parameter that relates the monitored radiation
to the radiation calculated for clear days), was estimated, having represented the values obtained in
Figures 13 and 14.
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During the numerical simulation, the two described situations were studied. Considering for the
four days under analysis, both the results given by the solar radiation model and the affected results of
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4.2. Simulation Results and Comparison with Experimental Data
The values obtained by the numerical simulation using the solar model are, for clear days,
coincident with the values monitored experimentally. Thus, for the 15th and 16th of May, clear
days, the numerical simulation translates, for each point inside the cells, the observed during the
experimental campaign. However, on cloudy days, 17th and 18th May, the simulated values show
slightly higher temperatures, with a variation from the monitored values that reaches ∆T ≈ 2 ◦C in
REFM test cell and ∆T ≈ 1 ◦C in PCMM test cell. This difference was to be expected since the solar
radiation values considered in the numerical simulation are higher than those actually observed on
cloudy days (17th and 18th of May).
In an attempt to approximate the conditions admitted in the simulation to the real conditions of in
situ exposure, the radiation estimated by the solar model was adjusted by a parameter that was able
to translate the cloudiness recorded over the monitored days. Thus, as shown in Figure 9, the solar
radiation of the first days (15th and 16th May) is practically unaffected, since they are clear days, since
the remaining monitored days are affected by the correction parameter which is an average of 0.3 for
the 17th of May and 0.6 for the 18th of May.
The results obtained and presented in Figures 15 and 16 reflect the approximation made to the
actual exposure conditions. Thus, both in the REFM and PCMM test cells, the simulated values for
each point inside the cells approximate the values monitored during the 4 days of the experimental
campaign, both for clear days and for the cloudy sky days.
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5. Conclusions
The numerical resolution of the mathematical problem of heat transfer in PCM was validated by
the similarity between the numerical simulation and experimental monitoring results.
The use of the solar radiation model allowed to simulate the effect of incident solar radiation on
each face of the test cell (with different solar exposures) without neglecting the main objective of the
recommended numerical simulation: the study of the action of PCM.
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It was evident, in the numerical resolution of the heat transfer problem, similarly to that recorded
experimentally, that the PCMs contribute to the conservation of indoor temperatures, ensuring a smaller
fluctuation of indoor temperature, reducing peak indoor temperatures (maximum and minimum);
and increasing the mismatch between indoor and outdoor temperatures.
The temperatures monitored inside the REFM and PCMM test cells during the experimental
campaign were compared with the values resulting from the numerical simulation, using the finite
element method using 3D discretization, together with the presented solar radiation model, and the
results obtained revealed a significant coherence of values.
Even though the study presented herein cannot really be considered as truly representative of the
global envelope of a building, its surface-to-volume ratio or its typical occupation in terms of people
and furniture (which have inherent thermal mass), it provides good grounds for further simulations at
building scale with high realism, and with particular concern to the effect of solar radiation on PCM
effectiveness. In fact, the incidence of solar radiation, and the inherent heat intake are likely to support
the demonstration that the activation of PCM is easier and more probable in sun-exposed parts of the
building envelope and even help support the definition of potentially uneven distribution of PCM in
the envelope as a whole. These would be important contributions towards optimized use of PCMs,
especially tailored for specific parts of each building, duly assisted by the opportunities of detailed
simulation that the increasing tendency of BIM use is bringing about in the construction industry
(hence making the detailed 3D data available for interoperability matters).
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